Environmentally friendly nonwoven fabrics can be formed through thermal bonding of cotton and cellulose acetate fiber blends at reduced bonding temperature with the aid of a plasticizer. Water has been introduced as an external plasticizer to lower the softening temperature of cellulose acetate fibers and to enhance the tensile strength of cotton/cellulose acetate web. It has been found that water can significantly increase the tensile strength of cotton/cellulose acetate thermally-bonded webs at reasonable bonding temperatures. In addition, water can enhance web bonding to essentially the same degree as an acetone treatment does. The mechanisms of water effect are considered and optimal processing conditions are proposed.
Introduction
More and more nonwovens are used in everyday life, but the environmental impact of disposable products remains a major concern [1, 2] . Manufacturers are seeking ways to produce biodegradable textile products by using biodegradable fiber and cotton becomes an obvious choice for the nonwoven industry because of its biodegradability, softness, absorbency and vapor transport properties [13] . However, cotton is a non-thermoplastic fiber and requires the addition of a thermoplastic binder fiber for the fusion of the fibers at relatively low temperature. Most cotton-based nonwovens products are processed with binder fibers using thermal calendering, which is a clean and an economical process. Synthetic fibers such as low melting polyester, polyester copolymer, polypropylene and polyethylene can be used as binder fibers [3] [4] [5] [6] [7] . Cellulose acetate fiber also has been used as the biodegradable binder fiber, since it is a thermoplastic, hydrophilic and a biodegradable fiber. A solvent treatment has been introduced in order to modify the softening temperature of cellulose acetate fiber and to lower the calendering temperature, while maintaining enhanced tensile properties.
Duckett, Bhat and colleagues [8, 9] have examined the effect of acetone vapor pre-treatment and of 20% acetone solution pretreatment on cotton/cellulose acetate thermally bonded webs. The results showed that these solvent treatments could decrease the softening temperature of cellulose acetate fiber and produce comparatively stronger webs. However, from a practical standpoint, manufacturers do not like a process involving the use of acetone because acetone evaporates easily, and is flammable and toxic. These detrimental factors create major problems in manufacturing and pollute the working environment. Also, consumers may prefer not to buy acetone-treated products, which they think may contain toxic substances. In our research, the desire was to decrease the softening temperature of cellulose acetate without the aid of acetone treatment by applying water treatment -a treatment noted previously at Celanaese Acetate [10] -prior to thermal bonding. Additionally, an industrially modified (plasticized) cellulose acetate fiber was studied as an alternative choice as binder fiber.
Experimental Procedures
The cotton fiber used in this research is a scoured and bleached cotton fiber provided by Cotton Incorporated. Properties include a 5.2% moisture regain value, 5.4 micronaire value and an upper-half-mean fiber length at 2.44 cm. Celanese Corporation provided both ordinary cellulose acetate (OCA) and plasticized cellulose acetate (PCA). An ultra-light fabric with basis weight around 35 g/m 2 (1 oz/yd 2 ) was chosen for this research.
The experiment was a four-factor design with two replications. The factors included were:
CA (8.75 in.) was used to form the webs. The carded webs were cut away from the drum and placed between two sheets of paper to await pretreatment and thermal calendering. An H.W. Butterworth & Sons padding machine was used for the dip-nip pretreatment. The carded webs were placed between two fine mesh screens and passed through a tray containing water or acetone solution prior to going through padding rolls to squeeze out excess liquid. Following this procedure, the webs were ready to be thermally calendered using a Ramisch Kleinewefers 60 cm (23.6 in.) wide five-roll calender. Only the upper two rolls were used. The top calender roll had an engraved diamond pattern resulting in 16.6 % bonding area and the bottom roll was smooth. Both were made of stainless steel. The rolls were heated by circulating oil and the nip roll pressure was set at 25 KN. Roll feed speed was fixed at 10 m/min.
All pretreated webs were placed in a standard atmosphere for 24 hours before testing. Five 1 X 10 inch test specimens were cut from the web along the machine direction and the tensile properties were obtained using ASTM D 1117-80 Standard Test Method for Tensile Testing of Nonwoven Materials. A Hitachi S-800 SEM provided information on bond structure and fiber morphology. The SEM was set at 1 Kev, 7 mm working distance, and magnification of 80X and 250X, respectively.
Results and Discussion
In previous studies [11-13], a water spray treatment had been used and there resulted a gradual increase in the peak strength with each increasing bonding temperature compared with those having no water spray treatment. This suggested the possibility that water will act as a plasticizer to enhance fabric tensile properties at reduced bonding temperature.
Treatment Effect
The effect of three different treatments on the tensile strength of cotton/ordinary cellulose acetate (C/OCA) is shown in Figure 1 for a 50/50 blend ratio.
From statistical analyses and visual observation, it is clear that a water dip-nip treatment can significantly increase the bonding strength of cotton/cellulose acetate thermally bonded webs. Possible mechanisms that are responsible for this strength enhancement are:
1. Water molecules penetrate the whole web with the assistance of the padding machine and are attracted to the cellulose acetate molecules by hydrogen bonding. Thus, the intermolecular forces of cellulose acetate are reduced, and the mobility of the polymer chains is improved. The polymer becomes elastic and more flexible, with the result of a lowered softening temperature. Hence, the softening temperature can be lowered by the external plasticizer-water dip-nip treatment, providing increased cellulose acetate molecular mobility and reducing the necessary thermal energy required to bond the fibers at fiber contact points. This makes it possible to bond at a lower temperature, with the aid of a water dip-nip pre-treatment.
2. Due to the hydrophilic nature of the partially crystalline structure of cellulose acetate, it can take up substantial water. Above the softening temperature, the fiber swells as a result of molecular chain relaxation and becomes sufficiently tacky to provide some bonding with other binder fibers and with the base fiber. The swelling, which provides greater free volume for the polymer, will increase the surface area and enhance contact with the other fibers. This might be expected to increase bonding strength by providing more bonding area at the bonding point.
3. When the web is passed through the nip of the pattern and smooth rolls of the thermal calender, heat and pressure are applied to the web. The web at that time is composed of cotton fiber, cellulose acetate fiber and water. Water has very good thermal conductivity -about 10 times that of either cotton or cellullose acetate -and this enables additional heat transfer in the short interval of time when web and rolls are in contact. Thus, enhanced heating produces more polymer flow and better bonding.
The external plasticizer-water bonds physically to the polymer rather than chemically (covalently), which lowers the softening temperature of cellulose acetate. In combination, this enables more heat and polymer flow at the cross-over points of fibers in the bonding region, providing enhanced tensile properties to the web under lower bonding temperature.
From the graph, it can be clearly seen that there is no significant difference between the two different kinds of external plasticizer -water or 20% aqueous solution of acetone when applied to the web by dip-nip pretreatment. Both plasticizations, however, do increase the bonding strength of cotton/cellulose acetate thermally bonded webs. These results suggest that water can replace a 20% acetone concentration and can be used as the external plasticizer in the pre-treatment of cotton/cellulose acetate web, without a reduction in web strength.
Cellulose Acetate Type Effect
The effect of an internal plasticizer on the peak strength of 
It is clearly observed that the web containing plasticized cellulose acetate (PCA) binder fibers has a significantly higher peak strength than those comprising ordinary cellulose acetate (OCA) binder fibers. The tensile strength rises uniformly to 9.00mN/tex for C/PCA-50/50 webs. This is to be compared to 0.85mN/tex for C/OCA-50/50 webs at the upper temperature of 190 0 C. This clearly demonstrates that the internal plasticizer enhances the bonding and strength of a thermally bonded cotton/cellulose acetate web.
All webs using PCA as binder fiber have significantly higher peak strengths than those using OCA as binder fiber, except for the 75/25 C/CA web bonded at 150 0 C. That may be due to the low number of binder fibers (inhomogeneous fiber distribution) and the lower bonding temperature, whereby the web could not get sufficient heat flow and polymer flow to cause suitable bonding. The effect may also be a statistical or processing fluctuation, since the differences are so small.
Combination of PCA and Water Treatment Effect
When the water treatment is applied to Cotton/Plasticized Cellulose Acetate (PCA) webs, the results are as shown in Figure 3 .
It is seen from the two figures that the cotton/plasticized cellulose acetate webs have higher peak strength when treated with an external plasticizer-water than those cotton/plasticized cellulose acetate webs without water dip-nip treatment. The possible exception may be for C/PCA-50/50-190ºC webs, where there is little difference between the two treatments at the highest bonding temperature.
The combination of internal and external plasticizer has a significant effect in lowering the bonding temperature for improved peak strength of cotton/cellulose acetate webs compared to cotton/plasticized cellulose acetate webs, alone. However, when the bonding temperature reaches 190 0 C, the external plasticizer offers no significant benefit to the web strength compared to the internal plasticizer effect alone. The reasoning is that, at lower temperature, the internal plasticizer helps decrease the softening temperature of cellulose acetate by increasing the polymer chain mobility. The interaction between neighboring polymer chains is still very high at low temperature and more polymer chain flexibility and polymer flow are required for effective bonding. When the external plasticizerwater -is introduced into the web, it can decrease the interaction between polymer chains, giving more mobility of the polymer chain, thereby increasing the bonding surface area and conducting more heat to induce the polymer flow to achieve better bond strength.
When the bonding temperature reaches 190 0 C, the heat transfer from the calender roll is sufficient for the polymer flow around the other binder fiber or cotton fiber. If water is applied at this time, the thermal dynamics of water may change considerably. More heat may be taken away by evaporation than the heat being conducted by water through the web. In this situation, the water may not be as helpful to web bonding as at 
Temperature Effect
The bonding temperature is one of the most important factors that directly affect bonding behavior. For C/OCA webs without an external plasticizing treatment, the temperature has no significant effect on web peak strength. Because the temperature in the experimental range has not reached the softening temperature (around 200 0 C) of ordinary cellulose acetate, there is limited motion among segments in the polymer chain. The mobility of polymer chains is simply not enough to move out of the intermolecularly constrained structure to bond with surrounding fibers.
When the water dip-nip treatment is applied to the C/OCA web, there is no significant difference in the tensile strength in the range of 150 0 C and 170 0 C. The peak strength increases substantially only after the bonding temperature approaches 190 0 C. Water brings down the softening temperature of the cellulose acetate. But at the higher temperature, the water increases the heat flow into the bonding points and enhances bonding.
The same trend is observed when there is only an internal plasticizer. The higher the bonding temperature, the stronger is the web. When the C/PCA webs have been thermally bonded with the aid of water pre-treatment, the softening temperature of cellulose acetate can be further reduced by decreasing the intermolecular forces in the polymer and increasing the mobility of the polymer chain. Good bonding strength can be achieved even at 170 0 C.
Blend Ratio Effect
The flow of heat into the fiber blend matrix is affected by fiber distribution and blend ratio. However, based on statistical analysis, there is no significant blend ratio effect on the C/OCA web peak strength when other factors are kept the same.
For C/PCA webs bonded at 150 0 C and 170 0 C, there is a significant blend ratio effect on the peak strength of the web that is treated by the 20% aqueous solution of acetone. The reason is apparently that the acetone treatment plays a much more important role on increasing polymer chain mobility in cellulose acetate at lower temperature, when compared to the temperature effect. This goes along with the larger portion of binder fibers that are available; thus, the polymer chain movement and bonding effects are enhanced. At 190 0 C, significant differences in peak strength are observed for different blend ratios of C/PCA webs when there is no water treatment. The bonding is enhanced as the binder fiber content is increased, when the temperature is appropriate.
Bond Structure
Bonding points taken from C/PCA-50/50 webs were examined and the effect of water treatment on bonding morphology was characterized. From the SEM photos taken on C/PCA-50/50 web bond areas (Figure 4) , it is clearly seen that at the same bonding temperature the integrity of bonding points was enhanced with water dip-nip treatment. The edges of the bonding points became much sharper and the fibers became much flatter, thereby increasing the surface contact area and contributing to better bonding. Solvent treatment improves the web bonding structure at lower temperature, also.
In Figure 4 , A3 and A4 show bonding points taken from C/PCA-50/50 webs bonded at 190 0 C. These two bonding points show less difference between treatment than those bonded at 150 0 C. Both bonds are quite good and clearly visible. The reason for the similarity is that the temperature is already high enough for the CA fiber to stick to the surrounding fibers, irrespective of treatment or no treatment.
The same conclusions can be drawn from examining the fiber morphology inside the bonding areas at higher magnification ( Figure 5) .
The fibers inside the bonding points without treatment look rounder and less altered. However, the fibers inside the bonding points, which have been water pretreated, look much flatter and the edge of the fiber is not very clear. They have been well integrated with surrounding fibers. The fibers became flatter and softer with the water treatment. In the photo taken from acetone treated bonding points, it is difficult to distinguish the fiber inside the bonding point because the acetone treatment has caused part of the cellulose acetate fiber to dissolve, thereby preventing the fiber to retain its integrity. The fibers are well bonded, but the previous comments help explain why acetone treatment did not surpass water treatment as expected. That is, some of the binder fibers were dissolved; therefore, the web strength is decreased. 
Conclusions
1. Water as an external plasticizer, when applied to the web by a dip-nip pretreatment, can significantly increase the tensile strength of cotton/cellulose acetate thermally bonded webs at reduced calender-roll temperatures.
2. Water can enhance the cotton/cellulose acetate web bonding to essentially the same degree as an aqueous acetone treatment and provide a good, safe and more economical choice for industrial manufacturing of nonwovens.
3. The higher the calender roll temperature, the greater the tensile strength of cotton/cellulose acetate thermally bonded webs.
4. Plasticized cellulose acetate as binder fiber provides significantly higher tensile strength to the cotton/cellulose acetate thermally bonded webs than those incorporating ordinary cellulose acetate as binder fiber.
5. The use of internal and/or external plasticizer can provide choices of binder fiber and plasticizing treatment for better bonding with acceptable physical properties. Two choices are:
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